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age-characteristics of the drainage-basin are not. modified and the recession-curve in the range
of discharge below the outlet top 1s of Type A. 'The value of M in this range 1s approximately

1.2. However, when the level of the pool 1is above the top of the outlet conduits, the value of
M 1s reduced to 0.35, maeking the recession-hydrographs of Type E and concave downwards. Hence,
when the reservoir drains, the recession-limb of the hydrograph is concave downwards until the

level of the top of the fixed-outlet conduits is reached, when the recession-hydrograph becomes
concave upwards. This example 1s given in preference to a natural river-basin because the dis-
charge-channel-storage relationship derived as previously explained in this paper and whose
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& gaging station on the Stillwater River above the Reservoir at Pleasant H11l, Ohio, (drainage-
area 502 square miles). The recession-curve at the latter place is of Type A, the value of M
being avproximately 1.1. '

The upper end of the recession-curve shown on Figure 1,” to which Harrold refers, is of

Type E. It is not considered essential to the purpose of this paper to support the accuracy

of the particular curve shown on Figure 1; Subsequent data may support it or not. However, its
accuracy cannot be challenged without adequate study of the hydraulic characteristics of the
tributary basin.' The fact that the value of M for high discharge-values is less than 0.5 is not
in itself sufricient evidence to discredit it. Mr. Harrold's remarks concerning Figure .3 are well
taken. Volumes of channel-storage in a given problem.should be reckoned in second-foot-days and
not in terms of unit channel-storage as shown on Figure 3. This figure. is presented to demon-
strate variations in unit channel-storage and to suggest a method for adjustment of discharge-

channel-storagé graphs.
SYNTHETIC UNIT-GRAPHS
Franklin F. Snyder
Synogsis--This paper presents a method, mostly empirical, of deriving synthetic unit-graphs.
It is of assistance in the study and analysis of runoff-characteristics of drainage-areas of
from 10 to 10,000 square miles for which stream-flow records may or may not be available. No

attempt has been made to eliminate the use or need of Jjudgment and experience in such studies.

The "lag" or time from center of mass of rainfall to peak of runoff is the principal drain-

‘age-basin characteristic used in deriving the synthetic unit-graphs. An approximate method of

determining the‘iad'is given for use on areas with no stage-records available. The peak-rate of
the unit-graph is expressed as 4 function of the.'lag'.

A distribution-graph is also détermined.by means of the lag, Knowing the peak-rate and the
distribution-graph for the area in question, a unit-graph can then be constructed. An example
of this procedure is given for the French Broad River Basin above Dandridge, Tennessee.

The additional use of the lag-characteristic in flood-forecasting is described and in con-
clusion, the limitatiqns of the method are discussed. '

Introduction--It is assumed that the reader is familiar with the basic theory and practical
application of unit—grapns. If not, reference is made to them (see 1, 2, and 3 of "References"
at end of paper]. As used by the author, a unit-graph is the discharge-graph of one inch of sur-
face-runoff from a given area for a typical or specified type of storm of some unit of duration.
The basic assumptions of the unit-graph method are that for such storms the time-duration of dis-

. Charge of surface-runoff is a constant for any basin and the ordinates are proportional to the

total amount of surface-runoff and distributed according to the unit-graph shape. A distribution-
graph expresses the unit-graph by giving the discharge-volume of Successive equal time-periods
as & percentage of the total, volume.

The procedure herein described for deriving unit-graphs was developed mainly for studying
and forecasting stream-flow on areas with no immediately available records of runoff. However.
1t has been of material assistance in the study of areas for which discharge or gage-height re-

cords are available.

True unit-graphs are not directly obtainable from published mean daily discharges, although
distribution-graphs based on 24-hour periods can be worked up and serve as an aid in outlining
the unit-graph, » . T - '
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~ Mean daily discharges may indicate a single smooth runoff-graph when actually two closely
spaced rises may have occurred. Actual drainage-basin characteristics and irregularities. may
also be concealed. In addition, the fortuitous synchronization of runoff with the calendar day
will affect the results. Some of these difficulties are reduced if recording rainfall-records
are available but, until recently, this has not generally been the case.

-y

Even with continuous records of river-stages available, and this 1s now the case at the
majority of river-measurement stations, the investigator who 1is trying to derive unit-graphs for
‘the first time is often discouraged. The usual procedure is to obtain unit-graphs for all
stream-rises that are fairly well isolated and seemingly the result of storms of about the same
duration. When these unit-graphs are compared, the variations may often seem too great for sub-
stantiation of the unit-graph method. . '

These differénces are malinly explainable‘by variations in the lengths of the surface-run-
off-producing storms, unequal distribution of rainfall, differences in storm-paths, and runoff
from snow or ice if the area is so affected. . )

None of the conflicting results may be safely disregarded until the reasons for the dis-
crepancies are determined. Likewise, the unit-graph desired may be one for a special or typical
type of storm rather than one of uniform intensity and distribution of rainfall, especially if
the basin is one on which the latter very seldom occurs.

The selection of a unit of duration 1s the next step. In studying small areas this may need
to be as short as six or even one hour. The problem then is to develop a unit-graph for use
with data of rainfall for one or- six hours from the available unit-graphs based on storms of from
probably six to 36 hours in duration. This can be done by trial and error or by sys;ematic
_break-down of a unit-graph of known storm-duration into a unit-graph for use with rainfall-data
of half the original duration. With care this process can be repeated until the desired graph
is obtained. An idea of how to make thls break-down can be obtained by graphically combining
two of the smaller duration unit-graphs (for example, say 12 hours) staggered 12 hours and get-
ting the resultant 24-lour .unit-graph by adding the ordinates and dividing by two. One can then
see how ta carry out the reverse process. ' :

The procedure for deriving syhthetic unit-graphs presented in this paper can be used to ad-
vantage in obtaining a trilal unit-graph. Regardless of how they are obtained, all unit-graphs
should be tested by appl;cation to actual storms.

e —— ) oo b—M—'—‘*—\‘N—" M e —. e Yt— gy et e
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Determination of the "lag"-characteristic of any drainage-area--The term "lag" as introduced effe
by W. W. Horner and F. L. Flynt in their study of rainfall and runoff from urban areas [4] was fici
defined as the time-difference in phase between salient features of curves of rainfall and runoff cons
or as the time from center of mass of rainfall to center of mass of runoff. As used in this pa-
per, the term "1ag” is defined as the time between center of mass of surface-runoff-producing
rain of a specified type of storm and the occurrence of resulting peak-discharge at the location dity
being studied. It is assumed that the lag 1s constant for a particular dralnage-basin. The above to t
definition of lag is consistent with the use of different values of lag on the same area depend-
ing on the type of storm.
C 0 of t
The lag for any area 1s obtained either through available records of rainfall and stream- ! 'tati
flow or by special fleld-observation for a few storms. In any tase an approximate determination £ as &
of lag can be made from information readily available. r ?;21
- H m
_ .. - The factors usually considered as affecting unit-graph shapes are area, shape of basin, l &nd
“topography, channel-slopes, stream-density, and chamnel-storage. In this study which is based - age-
mainly on records of streams located in the Appalachian Highlands, topography, channel-slopes, ( from
and stream-density have been eliminated. : 1‘ Wave
Topography was experimentally expressed as different factors, none of which correlated so as 4
to improve the determination of lag. The fact that surface-runoff ceases soon after end of rain- { Tenn
tall and 1s in a channel of some sort witnin a short time may explain the failure, especially as 5 area
the size of .the area increases. ' ‘ i Stor
ever
Channel-slopes likewise failed to be of much help, although provision has been made SO that ( :at“
a coefficient can be varied when changing from one general area to another with great differences )N 12;2
i 3

in channel-slopes.
ever

_Channel-storage is generally not obtainable from available maps, although approximate values ' than
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can be derived from stream-flow records. To date a readily obtainable factor to represent the .
‘effect of storage on lag has not been developed o its Influence was also thrown into the coef-
ficient since channel-slopes and storage are closely related. This leaves size and shape to be
considered. :

. Width of drainage-basin is recognized as one measure of peak-flow to be expected. An ad-
ditional factor to complete the shape-picture is the distance from the river-measurement station
to the center of area. Let us now consider what is meant by width and shape of a drainage-basin.

One way to express the effective shape or width of a drainage-basin is to locate contours’
of travel-time above the point being studied. These contours can be located by hydraulic compu-
tations for steady flow using the Manning or Kutter formula. The results when plotted with time
‘as abscissa and increments of areu between time- contours as ordinates express the shape of a
drainage-basin by giving the increment of the area that is at any particular travel-time distant
from the station. An approximate shape may be obtained by eliminating consideration of shapes
and slopes of channel and locating contours of distance from the station and then plotting drain-
age-area or width (increment of area divided by increment of distance from gage) agalnst distance
from the station. None of the above diagrams will show the effect of channel-storage or flood-
wave travel.

Curve A of Figure 1 is an area-shape diagram for the French Broad River above Dandridge,
Tennessee, based on six-hour travel-time contours gnd curve B is the six-hour unit-graph for the
area. If the unit-graph shape for the area were to be that of curve A, the lag for a six-hour
storm would be equal to the time-distance to the maximum ordinate less three hours (6/2). How-
ever, with the flood-wave action counteracted by the storuge-effect that is always present in
hatural drainage-basins the time-lag will always be greater. In addition, the effects of flood-
wave and storage are such that the time-abscissa of the center of area of curve A is a better
index of the time of peak- -flow than is tne time-abscissa of the peak-ordinate of curve A. How-
ever, for the example of Figure 1, the time-abscissa of the center of area of curve A is also less
than the time of peak-flow 0f the unit-graph
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The time required for dérivation of area-shape diagrams for the basins studied would have
been prohibitive, so a substitute for the time-abscissa of the center of area of area-shape dla-
grams was required. The distance along the principal channel to the actual center of area of the

" drainage-basin was adopted as the substitute. The center of area for any basin is readily ob-
tained by tracing its outline on a sheet of fairly stiff paper. The basin-map is then cut out
and suspended by means of a pin through a point near the edge and a vertical iine determined.
Two other vertical lines similarly obtained provide an intersection and a check at the center of
area.

If the area 1s irregular with fair-sized tributaries flowing in directions at variance with
the general pattern or has two main streams flowing from opposite directions, the center of area
must be obtained for the various subareas and a combination made, weighted according to area and
distance from the discharge-point. ' : .

Where the étation 1s such as the Ohio River at Pittsburgh, formed by the junction of the
Allegheny and Monongahela rivers, it is more satisfactory to obtaln the lag and also the unit-
graphs separately for the two areas.  If a single unit-graph is necessary the separate graphs

ly.
. The following symbols are now introduced:

tp = *Lag" in hours .
‘tp = Unit of duration of surface-runoff-producing rain in hours (= tp/5.5 in this
study) ‘ . .
tp = Length of surface-runoff-producing rain in hours
T = Time-base of unit-graph in days
. L = Length of area in miles
L.g = Distance from station to center of area in miles
a, = Effective area contributing to the peak-flow in square miles
9p = Peak-rate of discharge of unit-graph in cfs per square mil
Q, = Peak-rate of discharge of unit-graph in cfs -
A = Drainage-area in square miles .
Ct and Cp = coefficlents depending on units and drainage-basin characteristics

The addition of an accent (!) to the above symbols does not change the definition except to
indicate that it refers to a hypothetical runoff-shape as expressed by an area-shape diagram.
The unit of duration, tp, was made a fixed part of tp to satisfy the requirement of a practical
relation between the unit of time used and drainage-basin characteristics.

The use of the expression "surface-runoff-producing rain", in the definitions given above
is necessary to eliminate storms or parts of stormsthat cause practically no surface-runoff.

Lea should be the actual distance on the river from the station to the center of area. If-
the center of area does not fall on the main channel, the distance should bé measured along the
main channel to a point opposite the center of area. L should be measured in the same manner
until past the center of area after which less and less attention need be paid to minor sinuosi-
ties of the stream.

From the study of a large number of basins it was found that tp varied with Lgaa. The
‘significance of the exponent 0.8 can not be definitely stated at this time as there are a number
of possible explanations. Since Lgg is-an approximation of the actual factor desired the rela-
tion is made more stable by introducing L which can be more definitely determined. . Then

tp

The value vf Cy varied from about 1.8 to 2.2 with an average of 2 for the areas studied
which are mainly in the Appalachian Highlands. The coefficient Cy takes care of differences in
slopes and storage and did not.vary greatly over areas studied, all of which were of somewhat
similar characteristics. ’ )

= Cy(Lgal)0-3 -

) The value of tp thus obtained is the lag for a storm of uniform intensity and distribution.
For storms of unequal areal distribution, a rainfall-area-shape diagram can be ¢onstructed on the
same basis as curve A of Figure 1, but plotting square-mile-inches as ordinates instead of square
miles. Curve C, Figure 1, is the rainfall-area-shape diagram for a storm that has two inches of
precipitation at the outlet and grades off uniformly to no rainfall on the remote neadwater-greas-

can be combined, although storm-variation can be better taken care of by using the graphs separate-
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Then the time-difference between the center of areas of the rainfall-area-shape and ‘the area-
shape diagram is the approximate correction to be .applied. to the time-lag. A final adjustment

~ would still have to be made for movement of storms up, down, or across the area. This correction

consists of an additional adjustment to be applied to the lag, the amount of which would depend
mainly on judgment and observed-data. :

. Determination of peak-flow (per square mile) of unit-graph--Practically all hydrographs of
surface-runoff from single isolated storms have great similarity. If length of storm, amount of
runoff, and size of area are eliminated and the effect of storage and distance to center of area
of the basin are represented by the lag, tp. 1t is not surprising that a simple relation exists '

petween qp, tp, and Cp.

First, taking the hypothetical runoff-case as ‘indicated by an area-shape diagram and since
q) is the peak rate of runoff per square mile per inch of total surface-runoff and since one inch
of runoff per hour from one square mile equals 640 cfs, we have g} = (640/tr')(aj/A). Then, 1f
ch equals (tﬁ/t})(ab/A), qp =Cp 640/t} and dropping primes

qp = Cp 640/t (2)

Cp now equals 5.5'ap/A (in this study tp/tr has been fixed at 5.5) but with the -flood-wave
and storage-transformation of the area-shape diagram into the unit-graph shape, the physical
significance of the effective area, ap, which 1s causing the peak-runoff of the unit-graph is
practically eliminated. For this reason a more satisfactory viewpoint is obtained by introduc-
ing a drainage-basin factor, K, such that K = ap/a =C Cb. The quantity (1 - K) then expresses
the net reduction of the peak-value of the unit-graph by the flood-wave and storage-effect of the
drainage-basin. : i

As developed empirically for the bAsins studied, the value of qp varied from 360/tp to 440/tpA
with an average value of 400/tp. This is equivalent to a range in C, from 0.56 to 0.69. As a
rule Cp approached its larger value when Cy approached its lower value. The equation 9 = Cp
e4o/tp. being an equilateral hyperbola, plots as a 45°-1ine on logarithmic paper.

puration of surface-runoff--An expression. for the duration of surface-runoff, T, is neces-
sary in constructing Figure 2 which gives values of a distribution-graph for any basin as-a func-
tion of the lag. This diagram is somewhat similar to that published by Bernard (2] which was

based on drainage-basin features. The empirical expression

T=(3+4+3 (tp/24)i ' (3)

was adopted to define a practical value of T. Other values could be used withodt dirficulty and
the best duration depends on the method adopted for handling base-flow.

It will be noted that for the smallest area considered (about ten square miles) the value of
T will be at least three days. This is the time required for the stream-discharge from a unit-
storm to rise and recede to a normal ground-water depletion. Since this is a longer period than
can be explained by ‘the effect of channel-storage, it appears that the additional .time required
must be due to ground-storage or delay. In other words, part of the water which has been included
in unit-graphs is not really surface-runoff as usually defined (storm-water flowing over the sur-
face of the ground into open drainage-channels.) S .

This particular feature has provided difficulties for the author and other investigators
for several years. The temporary ground-water flow or better still "subsurface storm-flow" has
been defined by C. R. Hursa (5] as "that portion of the storm-flow which infiltrates into the
surface soll, but moves away from the area through the upper soil-horizons at a rate much in ex-
cess of normal ground-water seepage'. It should be added that as pointed out in Water-Supply
Paper 772 [3, p. 113), subsurface storm-flow may reach stream-channels with a responsiveness

that is only somewhat less pronounced than that which characterizes surface-runoff.

At the present stage of development the most practical procedure is to include most of the
subsurface storm-flow in a unit-graph -along with the true surface-runoff. -This is the result
obtained when the ground-water flow 1s separated from the flood-runoff by means of a normal

. ‘ground-water depletion-curve. The subsurface storm-flow appears mainly in the recession-side of

a unit-graph and necessitates a longer time base than would ordinarily seem necessary. The ef-
fect, so far as it influences unit-graph procedure, decreases in importance as size of area ins¢
creases. . , o - -
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I ' ) The above procedure will prove
_ . satisfactory for most ordinary

: : - - ; o storms, since it now appears that
\ up to a certain amount of total

q ' : : ' runoff there is a fairly con-
\ r sistent relation between amounts

) " of surface-runoff, subsurface storm- }
. ‘ . flow, and ground-water recharge.
8o : .
\ Difficulties arise in very

intense storms on areas as large
\‘ as 3,000 square miles. In the

same way that it appears probable

9
E \ that most ground-water aquifers
§ have a maximum storage and dis-
S Y% charge [6], it is also likely that
= 60— ad there is a maximum amount of sub-

(31

surface storm-water storage and
flow. Thus in very large floods
due to the maximum being reached .
~or a limit set by existing in-
filtration-capacity, a greater
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10 N\, be distributed by means of an ad-
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‘ // ////// . Nyt Example of procedure--There usua
o ~ —] ] 1s now avallable the lag, tp, y pect:

) ¥ 36 4 €0 7 which plus tp/2 gives the time (
ag. tp, 1n Hours from beginning of surface-runoff nate
. | of s
Fl6.2 - RELATION OF BASIN-LAG AND DISTRIBUTION-GRAPH  to the peak of the unit-graph. stor
) The rate, qp, multiplied by the fore
area glves the peak-value of the unit-graph, Qp, and Figure 2 gives dally values of the distribu- be K
tion-graph percentages.

It should be pointed out here that the distribution-graphs as represented by Figure 2 are tion
averages for typical areas and should be used merely as guides in drawing unit-graphs. If ne- apt -
cessary, variations should be made according to the shape-diagram of the area being studied. An
example 1s now given for the French Broad River above Dandridge, Tennessee, wnose dralnage area
is 4,450 square miles. h :

. » wher

From a 1/500,000-scale map the length, L, was measured as 130 miles with a map-measurer. G diti
The value of Lgy was determined as 67 miles with no adjustments since the stream pattern is uni- l
form. Then- ty = 2 (67 x 130)0.3 = 30.4 hours; q, = 400/30.4 = 13.2 cfs per inch per- square i
mile; Q, = 4458 X 13.2 = 58,700 cfs; t, = 30.4/5.8 = 5,5 hours (use nearest whole value, 6); ( sion
T = [3 + 3 (30.4/24)] = 6.8 days 2 to

. . t ficl

From Figure 2 the distribution-graph percentages for a lag-value or 30.4 are 11.1, 42.6, ) than
23.7, 12.5, 6.4, 3.0, and 0.7. Figure 3 shows the synthetic unit-graph which satisfies the | bthis
above requlrements und whose volume equals 120,000 sec-ft-days (1 inch on 4450 square miles). ;‘?

Also on Figure 2 1s a unit-graph derived from the storm of January 18 to 19, 1936. This cent,

storm consisted of four short periods of intense rainfall and lasted 18 hours. The surface-run- dire
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Lz _ off was 1.43 inches. An 18-hour synthetic unit-graph derived from the six-hour synthetic unit-
i } graph is shown for comparison.
can
ad-

Use of procedure in flood-forecastin --In forecasting flood-flows and stages the flow at
the point being forecast is usually known up to the time any particular forecast is to be issued,
re thus outlining the beginning of the rise. If thé time of peaking and peak-flow are known it 1s

J" usually easy to ‘sketch in the intervening rise. Assuming a knowledge of the rainfall and ex--

pected amount of total surface-runoff, the time and value of the peak-flow can be closely approxi-
mated by knowledge of the expected lag and use of a modified equation (2) which is for one inch

of surface-runoff per square mile. By expected lag 1s meant .the lag for a specified type of

storm adjusted for actual distribution of rainfall and storm-movement. On any area for which ¢
forecasts are being made the value and variation of the lag under different conditions would soon
be known from observation even if original values were estimated.

(f

.bu-

The time-interval, tr, as used in this paper is about the correct time-interval for collec-
\ tion of data that is necessary for satisfactory forecasting. Actual lengths of storms are not -
apt to be equal to t,. so equation (2) 1S modified to form ,

An

9pR = C 640/[t + (tR -t )/41 ‘ (2&)

where the variables and coerricients have the same general meaning as before except that the ad-
dition of the subscript *R" indicates the length of rain is other than t,.

Based on the idea of time-contours as expressed by the area-shape curve of Figure 1, expres- .
slon (2a) would read qpR = (cp5640/t ) where Cpr = 5.5 a pR/A and apg equals the area contributing
to the peak-flow and.corresponding to the actual storm-duration However, due to the lack of suf-
ficient area-shape diagrams 1t was thought best to vary the denominator of the expression rather -
than the numerator to take care of ve.ricus duration storms. ~ Equation (2a) is an attempt to do
this. '

-According to the original assumptions, the time of peaking will still be d%stant from the
center of mass of surface-runoffeproducing rain by an amount equal to the lag. This assumption
differs slightly from the unit-graph procedure. For it to holq in the unit-graph method, the as-
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cending and descending slopes of the unit-graph would have to make approximately the same angle
with the vertical. This is seldom the case.

To clarify this point, consider a typical area whose four-hour unit?graph peaks in 26 hours

from the beginning of rise. The lag 1s then 24 hours (26 - 4/2). Now, the resulting hydrograph -

obtained by the unit-graph procedure from a uniform 24-hour storm would peak approximately 27
hours later than the center of mass of surface-runoff-producing rainfall. This is three hours
jater than obtained by the idea of a constant lag of 24 hours. So far 1t has not been possible
to determine which is the more correct as extended uniform storms seldom occur. When two or
- more separate storms occur close together it is probably more satisfactory to use the regular

unit- graph procedure in rorecasting.=

Limitations and conclusions--(l) It cannot be repeated too often that the unit-graph pro-
cedure is a means of determining the time-distribution of surface-runoff, but does not solve the
problem of determining how much runoff will occur under any given set of conditioms.

. To the writer's knowledge. no entirely satisfactory method of determining the amount of sur-
" " face-runoff.from areas of appreclable size has been published. By satisfactory is meant a pro-
cedure that would enable one to compute from rainfall day by day the runoff from an area for.as
many years as desired with a high degree of accuracy and in a reasonable time. It is believed,
however, that with the increase in accurate data becoming .available for study and with the inter-
est being shown in such studies that the problem will soon be satisfactorlly solved and ‘demon-

'strated.

(2) The lag tor a particular dralnage-basin is apt to be slightly greater for small floods
than for large floods occurring from a given type and duration of storm. '

(3) The.greater the variation of any particular area from a typical fan-shape, the greater
is apt to be the discrepancy between the synthetic and actual unit-graphs.

(4) Extreme care must be used in applying unit-graphs satisractory for ordinary storms or
less than two inches surrace~runotr to _storms having three or more inches surface-runoff.

(5) The equations and coefficients given are based mainly on the fairly mountalnous Appala-
chian Highlands and may need considerable adjustment to take care of streams in the relatively

flat middle west.

(8) It is believed that the procedure presented in this paper will be of material assistance
to others as it has been to the author in studies of flood-control, tlood-routing {71, and flood-
forecasting. The unit-graphs on which the results are based are not presented herein as it is
felt that anyone planning to use a unit-graph for any particular area should himself work up the
various storms available and become acquainted with the limitations and difficulties of the. par-

ticular area involved.
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